“IN No, N-!560! 
UNCLASSIFIED 


Defense Documentation Center 


Defense Logistics Agency 


Cameron Station e Alexandria, Virginia 


no. NID 


i ie 
7 " 
3 
io f af 
4 on 1 
J = - 
‘“ , 
" . 
‘ie 
4 AY ik. 
7 : tea 
fi fe 
. ‘ : ye 
f ay 
4 4 
a j 
; be af j . 
i ie te 
i ies 
Ss if om 
\ it 
- ‘ 
n> Py 
- “ r 
1 a Ae ! A 
ae 7 ; 
: . P 3 ai : 7 
' 
f j ’ 
‘ 
f 
‘ a 
i ( 
AL id 
, 
im . 
, 
{ 


oe. | 
A \ie a 
"a i ing Pasig ae wt ‘ye 
va . i ay (re a : sede a ign ey oat ting a 4 & “eA ir 
; : ah Oe re ieee yang ete as n 
7 


- 

“< 

a 

a 

ae 
4 ; 
= 
y 


~ anna 


rere 


r 
cre 


zs Il 


SOLUTION TEST CHART 


thor craeinanne 1967 A 


= 


rary 
7 
e : 


EE 
E: 
ia = 


Seb LE cet 


cs ye iy i 


iM a 


‘one A wore 


— 


“> 


program mos: 43-015 


Yo) 

(op) 

op) 

t~ 

= 

S 

— 

a 

<< 

. | oi 
QQ. 
S 
Lo fi 

«1 — fF 

(=) Ee = 

— 3 

<= Gao 


TN no. N-1501 


title: a SELF-CONTAINED EXPERIMENTAL DIVER HEATER 


author: S. A. Black and S. S. Sergev Og 
ON 
KS 
¢ 
date: September 1977 OQ - & 


Ce 
aS RY 


Sponsor: NAVAL SEA SYSTEMS COMMAND 


CIVIL ENGINEERING LABORATORY 


NAVAL CONSTRUCTION BATTALION CENTER 
Port Hueneme, California 93043 


Approved for public release; distribution unlimited 


RELEASE CREA AE EI tas tal eds 


RTT ES SU TSE re ea 
Benukon Wadi teach DIT lm 6S 


To (Torna r >) a1, . o 
as) LPP ERR eee ee 
sa z \ 


1 x ‘ (if Ly r q 2 
J i oa ary i 7 q d a Fi 
a 3 . 4 -_ : b ss 
Law oi Same ae o i a 


YAOTAROGAL OVIATAMIOMT LIVI 5 ~Ne7 
ASTHSD MOIFATTAS HONTURTRMOD JAVAN ER 
EMER sinvotited Aiireroun Tied " 


Res 


basiotiny wohmudirseld yoeeolee eiiduq sol bevasgaé | 
Fy 


& 


IETS = 
a SEY ape PRS REE BY 


oa eS 2g YTS RENEE FE EMS A A A A nn AY TESTE FEE 


Unclassified 


ee ee 
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered) 


REPORT DOCUMENTATION PAGE (NG) wernt COMPLETING FORM 
——— — 5 WOMEER 


FP GOVT ACCESSION NOt a RRSraoOnORTR EOS 
DN244151 
A SELF-CONTAINED EXPERIMENTAL 
DIVER HEATER , " 


5. PERFORMING ORGANIZATION NAME AND ADORESS SIEROGR) boa: oy HEC ape aren 
CIVIL ENGINEERING LABORATORY 63713N S46)19 eer Heel faehcnces / : 
Naval Construction Battalion Center Gy, ears ae a 


Port Hueneme, California 93043 
~ CONTROLLING OFFICE NAME AND ADDRESS 


Naval Sea Systems Command 
Washington, D.C. 20362 


7 MONITORING AGENCY N @ ADORESS(if different from Controlling Office) 15. SECURITY CLASS. (of this report) 


Unclassified 


 DECLASSIFICATION DOWNGRADING 
SCHEDULE 


1Sa 


(of this Report) 


Approved for public release; distribution unlimited. 


es ee 
TTDISTRIBUTION STATEMENT (o! the abstract entered in Block 20, if different from Report) 


- SUPPLEMENTARY NOTES 


KEY WORDS (Continue on reverse side if necessary end identity by block number) 


Diver-heating, electrochemical heat source, magnesium-seawater reaction, 
powdered metal electrochemical cell, human factors. 


—RESTRACT (Continue on reverse ide If necessary end identify by block number) 


Pana aceS See eae Tai 


A’ Free-swimming divers working in cold water for extended periods of time require a 
self-contained, active heat source to maintain their physiological thermal equilibrium. 
Previously, the accelerated reaction of magnesium with seawater was shown to be a 
suitable heat source for diving applications. The magnesium heat cell was configured as a 
short-circuited battery with alternate electrodes of magnesium and steel spaced 
closely together; the unit is activated by immersion in a seawater electrolyte. An 


4 


FORM continued 
EDITION OF ! NOV 651S OBSOLETE “o 
DD . an 73 1473 Unclassified 


SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) 


sat LLL : 


NRF IAAT ASTI LULA RIT EON OT ETT ETE ET 


er pe a A LE EAA LAI COA ALIA AE BAILLIE REOPEN 


a maiabos teas 


PR om 2ST z 
Sere septa} wwe 


(aaretiani naa. us 


ten " 
sare mor teeta au rn hale AA bereaat on. ‘ ~ ry <: ay 


<ohatacnates Whte LAcerruergoe gamete fadhensdociedasig iaakenas 
worn! eve bes eae Langit Hopson gg 


) a 
| dag ~~ yaarersrelelocanssitetnatemn vik — | 
©) ndepan seit Yo tbotnes hotimarxs Jal sore bios al ynitvow erovidd ysioneeerersanll 


ena irdlileys larmends Ledlyolotera vind mkeridlae cb saxo pind worl), bro ener ine Vion é 

, 1d OF Moroes care eoriwwns eltive enoiteemgattt Yo noliseay haneelote salt alaubbesnt: 
@ te baru nas caw five 9d matancgenn oT wenatehilegese geedyite ik sorwiscrn ahtt abRasi ba 

| boasqe ee) bee Metrongem Ye esburrashs ieamewtle dow \yrycradd bwheribestadte. a 
. eh voor: Wresan 4 andro Yb Bazevitwe of ita oy call Louteidh > 


umes ab ha 


o Raine tev 00 8 He marr | ta best ' oe 
eatin Sa maa Tay tim? Ty write iHOR Pees, “i ‘T, { : ; oe ei" 


emer een 


mp8 NTT EPR a, 


rowenta eye 


3 bie cease i ITE DY DEY TIE SS 


\ Unclassified 
SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered) 


20. Continued 
ee heater was fabricated 


was made that identifies heater configurations 


self-contained, active heat source to 


heat source for diving applications. 


provided 1,000 watts for up to 8 hours. 


that incorporated known improvements in the 
The self-contained unit provided 1,000 watts for up to 8 hours. 


Library Card 
Civil Engineering Laboratory 
A SELF-CONTAINED EXPERIMENTAL 
by S. A. Black and S. S. Sergev 
TN-1501 76 pp illus 
1. Diver-heater 2. Electrochemical heat source 1. 


Free-swimming divers working in cold water for extended periods of time require a 
maintain their physiological thermal equilibrium. 
Previously, the accelerated reaction of magnesium with seawater was shown to be a suitable 


circuited battery with alternate electrodes of magnesium and steel spaced closely together; 
the unit is activated by immersion in a seawater electrolyte. 
fabricated that incorporated known improvements in the cell. 
A human factors study was made that identifies 


| 

| 

| 

| 

| 

| 

| 

The magnesium heat cell was configured as a short- | 
| 

| 

| 

heater configurations for closed-circuit scuba divers. | 
| 

| 

| 

| 


easton aah. utuonl ap eaiacs 


cell. 
A human factors study 
for closed-circuit scuba divers- 


DIVER HEATER, 


September 1977 Unclassified 


43-015 


An experimental heater was 


The self-contained unit 


Unclassified 


———— SSeS 
SECURITY CLASSIFICATION OF THIS PAGE/When Data Entered) 


ern USER NDAD ESE ETSI ao 


hee 
STAT ANON LAT OURIATALRS A 
: Se ae ) 
nes ET mine ull ede phegie : 
tet 4 artes inal leviemtveiaeld 5 reahpel. 4F ! 
i 


: 

: + esigrrn tan) ly viet bubireres wl verew bn Wl Sehdonw wenrliy 

| MOUNT upd Karebinls trig ndndingte yids: eatin ed dative saint ; : 
j midatns & ad Ot Wait Nem \neirean die wuriewngene Ne mtihinn elena ode seamen ] 
i (hace A ae Benepe naw five ined nuilavegane ae elie GO OR meme teal | 
| " etreegee glands inex foam tae tigtewcgan Ve ephorizite erewedeie ene Wren bastoniy 

j 
! 
: 
: 
t 
! 
I 


ee WER lene neyes ee yd Soreness ot) ; 
Hew toslcncetie ett tee val at ap Sate) pr RN A i 
plans 144) stepee are chow senieed mannii A raed Bee Pl ee j 


boMeaston 
PP nee Fee ne 
Geeriwed ci04 eootthiee POF Oh eT a eee o> Fra 
{ ‘ , : 
¥ 


t a ———ewt < 


PERE NEARS RATER ETN TEE LET TRL ES TELNET BRL APN aA te tO RT Ar een a et nt eS nL AN DONE A SID ENE AE DETTE ID ONES 


ees 


CONTENTS 
Page 
TNERODUCTLONAM AS Neha a necet eh Ae A CUA) Th ie LOS wie Mace emai ce TT 


BWOONOUND 6 6 6 g@ © odo oD OG OOD OOOO OOOO 1 


Aon NN RL BA RASC ALY tt aS Mi 


HEAT SOURCE DEVELOPMENT. . . « « « « « «© © © « © © © © © @ © @ 2 


Pacleaxo nals Mawiaicnea Glial oid) col olow G10 6 GY GS Page eas oi 6 
Experimental Arrangement. . . . «. « «© © « « «© © «© © «© «© © « 


Dual=Prace Cede se vedo! gor, vel bidet wei des cou isu Gel Sasintoe te, | opulléalios, <6 


ReEacedony GOntrol is eric! vou iciite) seit etl ce hed depen mie ncleyel (a). foie eau reune 


2 
4 
4 
Reaction Rate Decay Characteristics . .......+ee-. 5 
7 
bbisitoileye Wiesel, 6 65646 ooo oOo oOo DO dh 
onclenee Mere, Cellh 6-6 6 0 6 oo 0000 6 600 6 66 46 8 


Summary of Experimental Investigation ........... Ill 
EXPERIMENTAL HEATER DEVELOPMENT. . . . . « « «© « « «© «© «© «@ e @ e 12 


ONEKESION 56 6 60 GC OOO Ob Oooo oO KOO 
p@aere GEESE o.06)0°0 6 0 oO Ob 6 6 0 6 OO OS G6 oo oo «6B 
WEES IcenlieEtom SYSEEMo 6.6 66000 OOOO KK ol cS 


ENS Giljeewilaferon SYVSEEM 56 6 66 5056 OOO Oooo oo Goo 6 


Se cers PICT ETERS TTS 


SSEG CONPOEMENES 5 606060050000 O oo oOo Ooo A 
SIGE CoOmenclareneIOnS ¢9g 655600005056 50050 56656 6 115 


Heater Testimeacietieientse is) wo vel) co. c06 lei) ve) eis. ellliemstel tet epearen Weibel rele) aelO 


Humane Considerations. erie) ec) ieee) el fel el ete) en el can sien O 
CONCEEUSTONS Sola: ray varie) Velvet ruler: oka tevedel ishomaug heen alte Wap ietmicen wkivont soumren ere lad! 
RECOMMENDATIONS Sat vettismitentie tar a) Velie viet ict veuiter vies iall vehi ee tices Gira ise’ awe eh LG 


APPENDIX — Human Factors Considerations in Self-Contained 
Dakvere NEREEO WEEImIlo 56 0 06 0 00 6 0 ob 6 660 6 6 6A 


oO 
c 


Secon 
PAT MOTES 


’ 


TION 


< 
6 
a 
— 


bIS;* 


ee Ee an PD BEE 


hi Rate | ee) Se ae 


ve 
—_ 
é 
m7 
= 
a, 
— 
7 
a. 


ee eee 
I ee ee rece ae 
Seep cee se antl ie ai hss 
nobinglveevel Larmatingid Yo Cae 


+ + + + + sTHIMTOQCSVEC RITASH JATRNC TOS 


ee be kw ae ae ED 
le geyee.s ++ + sie = GND eemastt ) 
~ bee ee « s@etey? ooBMeuber) seat 
, @otev? colielusslS asaf 
~ > + SOgEED aHteye 
\ dered aeToene? Caelee 


aA We es eH OF Ue ns | 
* 
* 
* 
J 
* 
é 
>. 
* 
2 
* 
. 
* 
* 
»- 
* 
* 
> 


e - 
= 
* « 
* - 
* 
7 . 
. 
. 
« 
« 


rf => 

- = eS 

° . - . 

. - . 

. . . - 

* - 

* * * 

‘ . ‘ 
. 

° - . . 
+ 7 

- - . 

* € . 

. . 

. 

- 


> 
oo 
. 
. 
. 
. 
. 
* 
. 
* 
. 
‘ 
el 
. 
‘ 
.- 
* 
' 


~~ 
~ 
« 
. 
. 
. 
. 
° 
‘ 
- 
. 


a! *” | 8 * . * e+ * © © © 8 #8 * * Se vant iro 
ar » = we « so . Pn i ee oe shod terohd ened onl ' 
tt . « , ” , ’ * . * . * . * ‘ - . - 7, " i Ld Pere) : 


bontsioo)-tiet ot ena saxothanaly ar346% soul > ~ xreween * 
‘ eee 4 Opkead Terme axewrd 


“3 
~ 
. 
* 
* 


3 
. 


x 
D 

4 
“ 


a ar eee ee ye rs oe 


er ae ence ee pe RT LNA NTI NS POT YE eer ep EN NO OPA NEN TRE 6 


INTRODUCTION 


Engineering Laboratory (CEL) has been engaged in the development of an 
experimental diver heater. The project objective is to develop a 
compact, portable, self-contained energy source capable of supplying i 
heated water to a closed-loop circulation garment worn by the diver. ‘ | 
Circulation garments and associated thermal protection gear are under i 
development at the Naval Coastal Systems Laboratory (NCSL), Panama City, : i 
Florida. Basic requirements for the heater include operation in 28°F } 
(- et C) seawater at depths of 1,000 feet (305 m) for up to 8 hours without : 
replenishment. Experimental noes of 8- and 16-kWh (28.8- and 57.6-MJ) i 
_Capacity were developed and laboratory tested. In addition the 8-kWh Q 
(28.8-MJ) unit was successfully diver-tested, proving the feasibility of G { 
f 
| 


Under the sponsorship of the Naval Sea Systems Command, the Civil G : | 


the magnesium/seawater heat source. 


BACKGROUND i | 


Divers exposed to cold water for extended periods of time require : 4 
thermal protection equipment to maintain acceptable physiological 3 i 
conditions and operational effectiveness. The overall heating problem ; i 
is that of maintaining the diver’s normal thermal balance. The amount 

f 


of heat required varies with environmental factors, such as water 
depth, breathing gas type, water temperature, and duration of exposure, : 
and with individual factors, such as physical condition, metabolic rate, : 
and activity level. Thermal balance can be expressed by the simplified : 
equation: j 
k 
Heat Replacement = Respiratory heat loss + diving suit loss i 
- metabolic heat generated 4 
j 
Respiratory losses are due to involuntary heating of inspired gas to i | 
i 


body temperature prior to expiration. The amount can be up to about 500 
watts [1] depending upon the specific heat, density, volume, and tempera- 
ture of the inspired gas. Diving suit losses vary with depth, type of F 

suit, suit material, and water temperature. The values range from 3,000 : 

watts for the standard 3/8-inch (9.5-mm) thick neoprene wet suit [19 ft2 

a. 75m2) surface area] at 1,000- foot (305-m) depth with a skin-to-seawater 

temperature difference of 50°F (28° C), to 1,000 watts for a dry suit ; 


———————— 
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filled with helium under the same conditions [2].* The metabolic heat ; 
generated varies with individual activity level and physical condition 
and ranges from near zero for inactive divers to as much as 500 watts 

for sustained heavy work periods. To insure adequate heat would be H 
available to maintain thermal balance under extreme conditions, an 
initial program goal of 2,000 watts was selected as the heater output. | 

Heating is required both for tethered and self-contained divers. 

The present method for heating the tethered diver is to supply hot water 

via an umbilical hose from the support platform (surface ship, PTC, 

etc). The hot water is flushed over the diver’s body under his diving ‘ 
suit and then exhausted directly to the surrounding environment. In 

this case, the physical size and weight of the heat source is not 

critical, since it is not carried by the diver. However, because of 

both the high heat losses in hoses and the open-circuit design, the { 
system is grossly inefficient. In addition, the hot water umbilical 
greatly restricts the diver’s mobility. 

For the free-swimming diver, thermal protection is not easily 
provided. Since the heat source must be carried on his person, it must 
be lightweight and compact and not impair his mobility. In addition it 
must be simple, safe, and reliable. 

In the past, several methods of providing heat for free-swimming 
divers have been investigated [3-11]. The resulting systems have 
exhibited several disadvantages: batteries are heavy, bulky, expensive, 
and short-lived; nuclear sources can be used by the diver only for short } 
durations because of radiation exposure, and the radiation shielding and | 
thermal safety devices make the nuclear heater bulky and complicated; 
and most thermochemical heat sources employ exotic reactants and involve 
high operating temperatures and complicated control systems. 

A compact, lightweight, high-energy density, easily controlled, 
reliable, safe heat source that can be integrated with closed-circuit 
hot water suits is vitally needed. To this end, CEL has been investi- 
gating the development of a heater that utilizes the reaction of a 
magnesium alloy with seawater to produce heat. 


HEAT SOURCE DEVELOPMENT i 
Background 
The oxidation reaction of magnesium was chosen for the heat source, 


because it is simple, reliable, compact, and inexpensive, and has a z 
comparatively high-energy density. A comparison of the CEL-developed 


{ 
S ‘ 
Ongoing research being conducted at NCSL in thermal a 
protection suits is expected to produce significant : 
improvements in this area. 
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heat source with other candidates is shown in Table 1. 
Magnesium reacts with seawater according to Equation 1: 


Mg + 2H.0 > Mg (OH), + H, (gas) + dh (1) 


2 
where Ah is the heat of formation of the reaction. 

The theoretical energy density of this reaction is 1,885 W-hr/1b of 
magnesium (14.9 MJ/kg). The reaction ordinarily proceeds slowly in 
seawater, and heat is not released at a usable rate. But, by electrically 
connecting the magnesium to a cathodic material, such as iron (forming 
a galvanic couple), the reaction proceeds much more rapidly and liberates 
heat at a usable rate. Similar systems have been developed as seawater 
batteries. 

The CEL heater uses the same basic principle as the seawater 
battery, but the battery’s external load is replaced by a short circuit 
to maximize the reaction rate. A simplified schematic model of the 
reaction process is shown in Figure 1. Major steps of the process are: 


1. Current flows from anode to cathode via the short circuit 
because of the potential difference. 


2. Water is reduced at the cathode. 
3. Magnesium ions are formed at the anode, 


4. Hydroxide and magnesium ions migrate to a point where they 
combine to form magnesium hydroxide. 


Chemical energy is converted into thermal energy by means of a 
highly efficient electrochemical reaction. The energy given off by this 
reaction heats the surrounding electrolyte. A more detailed discussion 
of the reaction process is contained in Reference 12. 

The basic heat-producing element of the electrochemical reaction is 
the dual-plate cell shown in Figure 2. The spacer washer provides both 
an electrode gap and a short circuit current path. The electrode gap 
provides for free passage of the electrolyte and removal of the reaction 
products [Hj and Mg(OH)2]. As the magnesium is reacted, the anode 
becomes thinner and the electrode gap increases. 

It is important for the spacer washer to provide a very low resis- 
tance path (less than 10-3 ohms) for current flow. With a high resis- 
tance path, part of the energy goes into inefficient electrical Jouie 
heating, and the reaction rate* is reduced to unusable values in terms 
of diver heating. 


* ; P 
Reaction rate is defined as power output per unit- 
surface-area of anode. 
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Experimental Arrangement 


Early experimental work showed that the reaction rate of the dual- 
plate cell is a function of several interdependent parameters. The most 
important of these parameters are electrolyte temperature, electrode 
gap, and electrolyte condition. In an attempt te isolate and understand 
the effects of these and other parameters, a number of laboratory experi- 
ments were conducted. 

Three different configurations were utilized in the laboratory 
experimentation. Quantitative data on reaction parameters were obtained 
using an insulated Dewar flask (Figure 3) that was accurately calibrated 
for heat loss. The test cells consisted of three magnesium and four 
iron plates of up to 72 in.2 (465 cm2) of anode surface area. A pump 
was provided to test the effects of electrolyte circulation on cell 
performance. The temperature rise of the electrolyte was recorded on a 
multipoint recorder. 

Uninsulated glass beakers were used for tests in which only 
qualitative results were needed. The results were obtained by visually 
inspecting the anodes and by monitoring temperature differences between 
several cells running simultaneously in different beakers. 2 

A epee apparatus was used for testing cells of up to 1,000 in. 
(0.645 m 2) of anode surface area (Figure 4). The cell and sleet 
were contained in an insulated acrylic case with a removable top. 
Thermocouples were provided for monitoring the temperature of the 
circulating electrolyte. A second fluid was circulated through a copper 
tube heat exchanger immersed in the cell electrolyte and through external 
cooling coils. In this manner the electrolyte could be maintained at a 
constant temperature. Temperature change and flow rate of the second 
fluid were used to determine power output. An additional method was 
provided for adding controlled amounts of fresh seawater the reaction 
chamber. 


DBual-Plate Cell 


The dual-plate cell consists of separate anode and cathode plates 
arranged as shown in Figure 5. Over 70 tests were run in the Dewar to 
determine the effect of the various parameters on cell performance. The 
Gajor objectives were to determine the effects of electrode gap and 
electrolyte temperature on reaction rate and reaction efficiency.* The 
initial gap, which was set prior to the start of each test, ranged from 

@.060 (0.15 cm) to 0. 200 (0. 2 cm) inch. At each spacing the temperature 
was, allowed to rise, 60°F (30° C). Starting temperatures varied from 30°F 
(-1 °c) to 150°F (65° C) in 20°F (11 26) increments. 


x 
Reaction efficiency: ratio of actual energy output 
to theoretical energy output. 
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The relationship between energy density (W-hr per pound of 
Magnesium), temperature, and spacing is shown in Figure 6. Energy 
density is shown to be a strong function of temperture and a relatively 
weak function of plate spacing. Based on theory it was expected that 
energy density would increase with temperature. The experimental i 
results, however, show a marked decrease at the higher temperatures. | 
This effect at the high reaction rates is caused by unused magnesium 
sloughing from the plates. The sloughed magnesium can be seen as small, | 
dark-colored particles circulating in the electrolyte. Figure 6 shows : 
that an energy-efficient reaction rate occurs between 100°F and 150°F ‘ 
(38° and 66°C). } 

The effects of plate spacing and temperature on power density are } 
shown in Figure 7. As expected, the reaction rate proceeds more rapidly 
at higher temperatures and closer spacings. i 

The electrolyte condition is described in terms of pH, salinity, i 
and density. Theory predicts that the reactica rate is reduced by high H 
pH, low salinity, and increased density (resulting from reaction products ; 
mixing with the seawater electrolyte). To some extent the electrolyte ; 
density and pH can be controlled. But, in general, the heater must be 
designed to accommodate the natural variability of the seawater enviro-~ 
ment. : 

The pH, salinity, and conductivity of the electrolyte were measured 
to determine quantitatively how these parameters affected cell perfor- 
mance. For these parametric tests, the pH changed relatively little, 
because the comparatively large volume of seawater diluted the reaction H 
product concentration. In addition, since seawater is a very good ‘ 
buffer, large quantities of Mg(OH) 7 would be required to make significant 
pH changes. Generally speaking, the reaction rate was affected as 
expected. Table 2 summarizes the effects of these and other parameters ; 
on cell performance, but no quantitative trends were identified. i 
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Reaction Rate Decay Characteristics. To verify the results of the 
parametric tests, a series of large-scale tests were run in the acrylic 
vessel. In these tests fresh electrolyte was added at a controlled rate 
(125 ml/min), and an equal volume of slurry [Mg (OH) > and water] was i 
removed to maintain constant electrolyte pH and density. The results 
of a typical test are shown in Figure 8. The broken line shows the esti- 
mated decay in cell power as predicted from parametric tests and based 
on anode consumption and increasing electrode gap. These results ver- 
ified the fact that reaction is strongly dependent on electrode gap. 

The power output during the first hour was significantly higher j 
than predicted. The increase is attributed to several factors: clean : 
anodes and low electolyte pH and density. Initially, the ancdes are i 
clean and free from reaction products, but during the first hour, magne- ; 
sium hydroxide accumulates on the anode surface. These deposits inhibit { 
the reaction process at the anode and subsequently reduce the overall i 
reaction rate. Also, fresh seawater, which is a very good buffer, has a 
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relatively low pH and is very fluid. However, as the reaction products 
accumulate, both the pH and density increase so that, by the end of the 
first hour, stabilized values have been established based on the slurry 
removal and electrolyte addition rate. Although the full effect of these 
parameters is not understood, it is known that a high pH and a thick 
slurry can block the anodic reaction thereby reducing the reaction rate. 

These factors appear to account for a large portion of the initially 
high reaction rate, but they are augmented by the anode edge reaction. : 
New plates have a substantial edge area that is not normally used in 
power calculations. However, this area apparently contributes to the 
initial reaction rate (dotted line). As the reaction proceeds, the edge 
area diminishes; in fact, the plate dimensions are reduced as shown in 
Figure 9. 

As would be expected, the high initial reaction rate from the above 
factors results in rapid magnesium comsumption during the first hour. 
The rate of consumption decays rapidly until an electrolyte equilibrium 
condition is attained. At this point (1-1/2 to 2 hours into the test) 
the consumption rate is governed primarily by electrode gap, which is 
evidenced by the similar slopes of the dashed and solid lines during the 
remaining test hours (Figure 8). Because of the high initial reaction 
and early electrode gap increases, the reaction rate is lower than pre- 
dicted from the parametric tests during the later hours of the test. 

In accordance with the decaying power curve, a cell that delivers 
the desired power at the end of its operating period, delivers excess 
power initially. A number of tests were conducted to determine if the 
high initial and resultant low final rates could be better balanced to 
provide a flatter power “curve; these tests are summarized in Table 3. 
The most effective modification was to alter the anode dimensions to 
reduce or eliminate the edge effect. This was accomplished by fabrica- 
ting anodes of slightly larger dimensions than the cathode. Thus, the 
edge was located far enough away from the cathode to significantly 
reduce the edge effect. The modification was used on all subsequent 
dual-plate cell construction. 


Other Parameters Affecting Reaction Rate. Variations in the cathode 
thickness and surface condition and in the electrolyte calinity affect 
the reaction rate. Thick cathodes have the lowest electrical resistance 
and produce the highest reaction rates (Figure 10). However, cathodes 
thicker than 0.060 inch (0.15 cm) do not noticeably improve cell perfor- 
mance. On the other hand, thin cathodes [0.001 in. (0.003 cm)] are 
desirable because they minimize weight, but they also warp, and, con- 
sequently, the electrode gap cannot be reliably maintained. A cathode 
thickness of 0.010 inch (0.03 cm) was selected as a compromise between 
minimum weight, reasonable structural strength, and power output. 

It was discovered that the output of a cell with 0.010-inch thick 
cathcdes could be increased by as much as 30% by sandblasting the cathode 
surface (Figure 11). The rough surface greatly increases the number of 
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sites available for hydrogen gas bubble nucleation. Other techniques 
for increasing the cathode surface area, such as scratching or sanding, 
produce similar, but less dramatic, effects. 

Electrolyte salinity has a pronounced effect on the reaction rate. 
Figure 12 shows seawater (34 o/oo salinity) as a standard; however, salt- 
saturated seawater will produce a much higher reaction rate. This high 
rate will continue for only a short time (about 1 hour), because the 
reaction product, a jelly-like substance, will increase the electrolyte 
density and thereby reduce the reaction rate to an unusable level. 

Very few ions are present in an extremely low salinity electrolyte; 
therefore, the reaction rate of the cell will be negligible in terms of 
heat production. In general, the salinity and buffering quality of 
seawater combine to create the highest long-term reaction rate possible. 

The thickness and surface condition of the cathode can easily be 
controlled to provide the desired power output. In general, the cell is 
subject to operation within the normal local salinity range. However, 
where required, rapid heat-up can be achieved by ‘‘spiking’®? the initial 
charge of seawater with salt. Normal electrolyte/seawater exchange will : 
flush the jelly-like products from the cell chamber, reduce the salinity, : 
and return the cell to the normal power level. ' 


Reaction Control. The development of a reliable and simple control ; 
system for maintaining a constant power output was explored to reduce } 
the size and weight of the cell to less than that of the fixed-plate i 
cell. Table 4 summarizes the results of these investigations. The most i 
promising method appears to be of the inert cone spacer (Figure 13), 
which uses the reaction itself t» control spacing. As of now, a simpli- 
fied method for assembling these cells and also providing the short 
circuit has not been developed. There are two major problems in each of 
the control techniques. First, cell construction becomes too compli- 
cated, and, second, the weight and volume of a cell plus control system 
exceed those of a cell designed to provide the same delivered final 
power without control. 

A variety of other tests were performed in attempts to control or 
modify the reaction rate. These tests are summarized in Table 4. 
None of the test results showed improvements significant enough to cause i 
modification of the basic dual-plate cell configuration. 


Bi-Polar Electrode 


One of the disadvantages of the dual=-plate cell is holes start to 
form in the anode during the last hour of the reaction. The holes 
decrease the current-carrying cross section of the anode and reduce the 
active anode area. The result is reduced cell power. To minimize these 
effects in the dual-plate ceJl the anodes must be slightly thicker than 
actually needed. This insures enough active surface area will remain to 
provide the required power for the desired duration. 


Se | 


Se 


7 


— 


yore" 


eS RL 


Peter mimeo a eek METERS en TS 


me, i or - ee - OP i 7 = an | . oS a ‘ 
a : \ ¥ 4 
/ M 5 t m hy { i 4 hae iV t 7 v 
Dy. wu | PS | i, - AN ; & i 
uA ot ae a f, . i 
ry ; S a vi _ yee i 7 


3h) aw t 


a nem vai lai 
ph le yEdn. . ee : 
rn ser hie) ake Uirers ey : 


- ; ai bs 1 od eo oie mts ee A » 
; / ty ae ‘ *s . juod om pat dn: A . on 


-loval rewoq Anson edd od Les wits. ¢ - dos 
. lox3im? elquie bes sfdutiax & 30 sasnqoleveb ait, 2Ht09. 


coubey o9 bevolgxe kaw awq7uo yowoq tosganoy a godate. 
eielg~paxdt of? to suit? nails oepl o9 Lisp arta Io 


ee 


siigmoa coy ‘éshoged soRtoursenco ft 
majaye lorinos s0lq tied 5 ta ewice 


Se 
= 


70 Lerranos @2 (asqueise at bagolt0g stev wte09 
 & olde? at beslienne 238 43e99 SnsrT 
eoun2 G3 iiyuons Inasltingle sansesvergel bewore | 
 \olwesughivos Lime sselq>toub 


OF J182" walow ut Lisa stalq-laub afd WS gay_eroevieets ala Te es 
anfortofT .aulcanes sd Jo suet suet ony tebape titan pins 12s 
of3 sowbe? baw shores ads lo qoligee Gees Tins (Hert oy a 
aa beo8? oatainim of. .revoq Iles besvtey ab Siyeox wil nee obonh eylion 
Hota aatotie vitigtia -ad Jeum onkons ata Llane osely~fsoh ola at etooia 
1 ai flees Iitv por conte ovlson Mguots aerdand otdT sheboom eilantse | a 
. 7 noite. baatesb oft 25) vewoq byalepos oda Sblvemg i‘ 


- 


Another possible technique for avoiding this problem is to electro- 
plate the cathodic material to one side of the anode. Thus, cell con- 
struction would be simplified by eliminating the need for a separate 
iron cathode. Also, cathodic and anodic currents would be shared. With 
this technique, as the anode thickness decreases, a constant thickness 
cathode remains to conduct a portion of the anodic current. An addi- 
tional benefit is that the anode provides some structural strength to 
the cathode so that thinner cathodes could be used. 

A 1,000-watt version of this cell was constructed and tested. The 
electroplating consisted of iron deposited onto a copper substrate that 
was plated onto one side of the magnesium. During the plating process, 
higher than normal plating currents were used to achieve the greatest 
possible cathode surface area (similar to sandblasted iron). 

The cell produced approximately 20% more power than a comparable- 
area dual-plate cell (see Figure 11). This increase was probably due to 
(1) the measures taken to increase the surface area and (2) the low 
resistance electrical current path provided by the copper substrate. 

To better understand the bi-polar electrode reaction, a single 
bi-polar electrode was placed in seawater. There was very little self- 
reaction, and it ocurred only near the edges of the electrode. This { 
self-reaction rate was low because the current paths through the electro- 
lyte were too long except at the edge; there the anode-cathode separation 
was only about 1/16 inch (0.16 cm) (approximately the electrode 
thickness). 


Powdered Metal Cell 


A preliminary investigation of magnesium and iron powder mixtures 
as possible heat sources is described in Reference 12. The tests 
included loose mixtures of size-graded magnesium and iron particles as 
well as mixtures of particles that had been mechanically bonded together 
by ball-milling™ to produce microgalvanic cells. The results show that 
ball-milled mixtures produce the highest reaction rates and that the 
reaction is strongly influenced by particle size (area exposed to the 
electrolyte). 

Further tests were conducted to develop a heat source with a greater 
specific output (W-hr/lb of cell) than the dual-plate cell [approximately 
800 W-hr/1b of cell (6.3 MJ/kg)]. A means of controlling the heat 
output was also sought. 

Small-scale tests were run to determine the best cathodic material 
for sustaining the reaction and the minimum percentage necessary to 
produce heat at a usable rate. The test results were compared by the 
rate of hydrogen evolution (directly related to power output) from five 


*Ball-milling produces intimate contact between the particles. 


ip eo eee ee es ge ee eae ae or 


eee) ae 

nae OO oe ae ee CRP tie 

Fs anenumaicre aancaeninls seh ingen nape — ck eae — eit) he yy 
Pet Se a | eS? Y po i 


pene ae axl ie foucen ore bree wi 


; bes garb ool tie od onan saat aa" 


“a ( 
: frerre herve 


ada vd boblvenq dang 9 ls war 
sigote a 39089 ebowosle reloq- id aty pbs wage ‘ 
“Von ohrilt aay wae osedy .respwasn di beoaly etw of 
; _ ‘aidt | .bhorso0Le add Yo asghe of? seer yloo bendy 
: } corsasls bd quant) esta Sonvte> ost meson tol tev BBG Me 


Goljnteg™) ehonsvo~shons 249 svedd pogbe edd Jn JqsonH 
ie attend rata ied (aot. * dont ory 


Siiichal eebse nerd bre oubkonged to wotaagticovet 
edad wi? SI séneretet ni bedtaceeb al sasavoe 2nad ' 
6 epivisisg nvtt bow svierogem hobevg-oxl) lo aet03ule weno! 


i “| add India bae onan aotionar deargld ss oowbeay estedata 
oft of beacqxs #935) vate plakorey va bo otrey tnd elmore #? @oloanus 


‘3sda91g 2 dahy ones loa ry qntavet o8 hessilnies eee ‘evens apiprey 
glesacixorqya) Ilo. aielq-levb ond cinta (lon Ye @1\ai-W) avqsue 


sadguer O65 «OW INNIUD 
felsetem bibordise deed aft enistosob of fey ate boe02 Alege-d lure 
G3 ¥IsISI44 VgAINDIeq wuMtalm of baw nebIOget nit polaterave 107 
¥ qld vd boveqnco s7e~ etiveos do03 eft oss ahitnaw & tn Jane auborg 
evil wot! (auqtvo tawog 07 -bstuler vizoeagb) maeapere ‘wregotin To all 


‘adaygos hubnod isotmuinva avid baw ant? wslolmeg to erie tev, 
Sais vote otluues oft .allod otoavippotoiia: ot 9a SOO om ttm tia . 
Catengots 


+4 Loege 
anad ad2 gnitloyzmo> to enves A «| (pA £28) Sten do cindy bom 


ie ire 
,enlolsieq bt, resonraed sacs appeal Temas sok 


— 


TLE gene Vet ro ner mm ot 


compere i? 


ESE ERE ARENT RR SRE tence nner nr Se er ee em rene Ae A IRA RET TSA ENI TET 


gram samples of the candidate mixtures (Table 5). Mixtures of 10% by 
weight of copper or iron with magnesium gave the best combination of 
rate and efficiency at reasorable cost. Although the reaction rates of 
the magnesium-copper couple were higher, the magnesium-iron reacted at 
a more consistent rate over an extended period. As a result, the 
magnesium-iron couple was selected for larger scale tests. 

The previous investigations addressed the power output control 
question by adding small amounts of seawater to. the dry powder mixtures. 
When sufficient amounts of seawater were added to wet the entire powder 
volume, maximum power output was achieved; however, further additions of 
seawater had no appreciable effect. For the large-scale tests, control 
was attempted by metering the powder mixture into a chamber filled with 
seawater. The feasibility of controlling the reaction in this manner 
was proved; however, difficulty was encountered in adding the dry powder 
to the electrolyte. 

To facilitate the addition of the reactants to tne electrolyte, an 
effort was made to develop an inert slurry with the powder. A mixture 
of 50% morpheline and 50% powder formed a fairly stable slurry for 
pumping. However, the powder tended to settle out of the mixture, and 
the slurry was not completely inert; therefore, some reaction occurred 
within the slurry. A second slurry was prepared that resembled tooth- 
paste in consistency. This gel was completely stable and did not react 
with the powder. Its composition was: 


Constituent Proportion (by weight) 
Magnesium-iron powder. . .......s. - 447.0 
Carbowax ® wpEc. cod oo Odo 0 oo MOO 
Armeen ® z. Googo Go 00090 0.0.4 OSU67 
Exp~o=si@)7 28. ekews a Aigore Ne, Face aug 
Diethylenetriamine (DETA) . ......+-.-. 1.0 


The slurry was added to the reaction chamber with a caulking gun. 
The large-scale tests showed that the slurry could be easily added to 
the seawater, but that continued stirring was necessary to keep the 
reaction at a constant rate. The slurrying agents were found to have no 
detrimental effect on the reaction. A specific output of approximately 
500 W-hr/1b of reactant (3.95 MJ/kg) was achieved with the powdered 
metal reaction. With further development the specific output might be 
competitive with the dual-plate-type cell. 

The most important result of the powdered metal tests is that an 
inert slurry has been developed. In slurry form, the powdered reactants 
can be supplied on a demand basis. By varying the slurry addition rate 
to a reaction chamber, power can be controlled. 
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Alloy Powder Tests 


Although the powdered metal tests proved successful, the specific 
Output was not as high as had been anticipated by having the anodic and 
cathodic materials in such close contact. Evidently, surface oxides on 
the metal (present during ball milling) acted as high resistance 
electrical barriers to the current flow. 

To verify this theory, a magnesium-iron alloy was conceived in 
which intimate physical and electrical contact could be established 
between anode and cathode. Through conventional alloying only a very 
small percentage of iron (<<1% by weight) can be dissolved. This is 
much less than the 10% that proved optimum for the previous powdered 
metal tests. A process of mechanically alloying otherwise immiscible 
metals [13,14] has been established. In this process, magnesium and 
iron powders are milled in a high energy ball mill. The powder particles 
are cold-welded together as the balls in the mill collide. Repeated 
collisions cause particle fracturing and rewelding, and, eventually, a 
unifurm alloy powder is formed. 

Alloy samples were prepared and tested. Powder particle sizes were 
in two ranges: ‘‘as-produced’’ (larger than 100 mesh) and ‘‘selected’’ 
(smaller than 100 mesh). The initial tests showed that the as-produced 
samples reacted more effectively. An alloy particle would generate a 
gas bubble, rise to the water surface, release the bubble, and sink. On 
the other hand, the selected (finer) powder would not release its gas 
bubble. This resulted in a foam surface that actually lifted the powder 
particles out of the seawater and prevented them from reacting to comple- 
tion. Thus, the remaining tests were conducted with the ‘‘as-produced’’ 
particle size. 

Figure 14 shows the relationship of milling time to reaction 
efficiency. A maximum reaction efficiency of approximately 90% is 
approached asymptotically as shown in Figure 14a. Figure 14b shows the 
30-minute milled alloy achieves almost this 90% completion in 1 minute. 
For additional tests the 30-minute milling time was used as the standard. 
(The rapid reaction completion time is desirable for using the alloy as 
a fuel.) 

Initial alloy compositions were held constant at 5 atomic percent to 
show the effects of particle size and milling time. Another group of 
alloys of various iron percentages was tested to develop a family of 
curves that relate reaction efficiency and power output to alloy composi- 
tion. These data are shown in Figures 15 and 16. The zero-percent ball- 
milled magnesium powder was tried to see if sufficient strain energy was 
stored in the particles to cause stress corrosion. As can be seen in 
Figure 15, some small amount of iron is required to produce a usable 
reaction. Alloys of several alternate cathodic materials were tested to 
see what reactions they would produce. These results are shown in 
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Figures 17 and 18. Nickel produced the only reaction that was competi- 
tive with iron. For other applications the data presented may aid in 
selecting an initial trial alloy composition. 

Mechanically alloyed magnesium powders are well suited for a heater 
designed to deliver variable or constant power. At a reaction tempera- 
ture of 140°F (60°C), approximately 0.01 pound (5 grams) of alloy (10% 
iron by weight) will produce 1,000 watts for 1 minute and wiJl be 90% 
reacted. A possible configuration for a powder alloy heater is shown in 
Figure 19; its control circuitry is shown in Figure 20. The rapid and 
efficient reaction characteristics allow the powder to be fed continu- 
ously into the reaction tube with the assurance that only a small 
fraction of the available energy wiil be ejected from the tube as unre- 
acted powder. 

An estimate of energy density is 800 to 900 W-hr/1b of slurry (6.3 
to 7.1 MJ/kg) compared with 500 W-hr/1b of slurry (3.95 MJ/kg) for the 
previous powdered metal tests. Thus, a highly efficient, variable 
power heater is conceivable using powdered magnesium alloy as an 
energy source. 


Summary of Experimental Investigation 


The experimental work demonstrated that the dual-plate cell could 
provide adequate power for the worst case (2,000-watt) diver application. 
The cell reaction rate was found to be a function of both electrode gap 
and electrolyte temperature. Other factors, such as electrolyte condi- 
tion and circulation, affect cell operation to a much lesser degree. 
The most important factor that controls the overall cell effectiveness/ 
performance is the power decay resulting from anode depletion (increas- 
ing electrode gap). Attempts to provide direct control to minimize this 
effect showed that inert cone spacers would be the best approach. A 
simple means for implementing the cone spacers while providing adequate 
anode/cathode flexible current paths is yet to be devised. 

The bi-polar electrode cell offers simpler and more efficient 
construction than the dual-plate cell, but present anticipated cost of 
cell fabrication is excessive. 

The powdered metal cell offers the advantage of controllable power 
output and, consequently, more efficient use of the magnesium. In the 
past, the disadvantage has been that the specific output was lower than 
the dual-plate cell. The magnesium-iron alloy (MagIron) powder appears 
to have a specific output competitive with the dual-plate cell because 
of a much lower electrical resistance. Further improvements in slur- 
rying may increase the proportion of active to inert ingredients, thus 
increasing specific output. In such a case, the powdered alloy may 
prove to be superior to the dual-plate cell. 

The characteristics of the three cell types are summarized in 
Table 6. 
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EXPERIMENTAL HEATER DEVELOPMENT 


To demonstrate the feasibility of using the magnesium-iron couple 
as a self-contained heat source, two experimental heater models were ; 
developed. A 16-kW-hr model (Figure 21) was designed to provide 2,000 i 
watts for 8 hours. The second unit, an 8-kW-hr model (Figure 22), 
was designed to provide 1,000 watts also for 8 hours. The discussion aay 
below refers in detail only to the 8-kW-hr heater, since it was developed 
Last and incorporates improvements over the 16-kW-hr heater. However, 
important differences between them are discussed. a. 
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@peration 


The magnesium-iron dual-plate cell is contained in the insulated i 
ease shown schematically in Figure 23. The heater is activated by 
fillooding the case with seawater. Heat, hydrogen gas, and magnesium j 
lmydroxide are produced by the reaction. A heat exchanger immersed in i 
tthe electrolyte transfers the generated heat to a second fluid that is ; 
eirculated to the diver. Hydrogen gas is continuously vented through a i 
walve that maintains a small overpressure within the case. This pres= 
sure drives a small amount of the slurry out through an economizer heat 
exchanger. Fresh seawater is pumped counterflow through the economizer 
fo recover the heat from expelled hot slurry. The slurry and seawater 
exchange maintains the electrolyte pH and density relatively constant. 


j 
' 
Beater Case i 
l 


The heater case provides thermal insulation, neutral buoyancy, ; 
and protection for the heater components. It is constructed of syntac- ‘ i 
tic foam sandwiched between inner and outer fiberglass shells. The foam 
provides buoyancy and thermal insulation, while the fiberglass provides } 4 
mechanical strength. Overall wall thickness for the case is 5/8 inch H i 
n two sides and top and 3/4 inch on the two remaining sides. Heat i 
oss through the case walls with a 106°F (59°C) temperature differential ; d 
was found to be approximately 90 watts. 

The case is built in two separate sections (Figure 22). The upper 
fase contains the heat source, electrolyte, electrolyte/suit-water heat 
exchanger, hydrogen vent valves, and an economizer heat exchanger. The 
lower case houses the pumps, motors, monitoring electronics, and inter- 
f@onnecting plumbing. The upper case is sealed, while the lower case is 
€ree-flooding. 

The seal between the upper case and the environment is an O-ring 
placed against a flat rubber gasket. Sealing pressure is provided by 
six plastic cam latches. The overall outer dimensions for the 8-kW-hr of] 
«ase are 8 x 8-1/2 x 14-1/2 inches (20 x 22 x 37 cm). The case weighs 
11 pounds (5 kg). The 16-kW-hr heater measures 7°1/4 x 7-1/2 x 21-3/4 i 
inches (18 x 19 x 55 cm). 
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Heat Production System 


The heat source, which weighs 10 pounds (4.5 kg), consists of a 
series of cells (Figure 2) bolted (shorted) together. Twenty magnesium 
anodes 5-7/8 x 7-3/8 x 1/8 inch thick (14.9 x 18.7 x 0.32 cm) and 21 
steel cathodes 0.010 inch (0.026 cm) thick are spaced at an electrode 
gap of 0.060 inch (0.152 cm). The electrode gap is fixed by copper 
spacer washers that also serve as electrical current paths between 
adjacent electrodes. Copper washers are used to minimize local reaction 
on the anode.* | 

With the above cell construction the pcan cine power density in j 
140°F (60°C) electrolyte is approximately 1 W/in.* of magnesium surface ; 
area (0.155 W/cm2), which gives a total initial power for this cell of 
1,800 watts. At the end of 8 hours, the power density decays to about 
0.6 W/in.2 (0.093 W/cm2), which provides the required 1,000 watts. The 
decay is primarily due to increased electrode gap resulting from anode 
consumption. 

An important part of the heat production system is maintenance of 
the electrolyte and disposal of reaction products. Hydrogen must be 
continuously vented to prevent overpressurizing of the case. The 
hydrogen vent system is designed to provide an electrolyte overpressure 
of 1 psi (6.9 kPa) that is used to expel the spent electrolyte slurry at ; 
a rate of 0.026 gal/min (100 ml/min) through the economizer. Since the : 
diver’s orientation is constantly changing, the gas vents must be located 4 
on all corners of the case. In this model, the hydrogen vents are i 
relief valves that are set at 1 psi (6.9 kPa) over ambient and are 
equipped with neutrally buoyant rubber flapper valves (Figure 24). In 
the presence of hydrogen, the flappers open, which allows the gas to 
escape through the relief valve. With water present, the flappers close 
to prevent hot electrolyte from being expelled to the environment. 3 

A hydrogen-permeable membrane was explored for ventilating the 
hydrogen. Nonwettable porous Teflons and other synthetic materials were 
tested. The porous Teflon adequately vented the hydrogen with the 
required overpressure in clean seawater, but it was subject to pore 
clogging in the presence of magnesium hydroxide. Further investigation 
is necessary to find a noncloggable hydrogen-permeable membrane. 

The economizer heat exchanger (Figure 25) is mounted within the two 
thick sides of the heater case. The seawater/magnesium hydroxide i 
slurry passes through the copper tubing. The 0.18-inch (0.46-cm) 4 
inside diameter and the 17-foot (5.2-in.) length of the tubing were 
sized to provide a continuous discharge of 9.5 cu in./min [(150 ml/min) 


* 

Local reaction around similar steel washers causes the 
anodes to prematurely corrode through, which separates 
the main portion of the anode from the short circuit 
paths. 
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at the 1-psi (6.9-kPa) hydrogen overpressure. Fresh seavater is pumped, 

counter flow, through milled channels surrounding the copper tubing. 

The rate is slightly greater than the slurry expulsion rate to provide 

for water consumed by the reaction. The entering fresh seawater is 

preheated by the expelled slurry. Tests of the economizer showed it to 

be approximately 75% effective in recovering heat from the spent elec- 

trolyte. : 


Heat Circulation System 


Heat is distributed to the diver by means of a second fluid (sea- ; 
water) that is circulated through a heat distribution garment surround- 
ing his body. A schematic of the system is shown in Figure 23. The 
pump circulates water at a rate of 0.6 gal/min (2.27 £/min) through the 
semi-closed circuit loop. As this fluid passes through the electrolyte- 
immersed heat exchanger, its temperature is raised to approximately 
115°F (46°C). A piston-type thermostatic actuator, which is mounted in 
the temperature control valve (Figure 26), senses the temperature of the 
water delivered from the heat exchanger. The position of the thermostat 
is set so that if the temperature exceeds 110 F (43 C), the piston will 
open a throttling valve that will allow the hot water to escape to the 
sea. 

An equal volume of cold seawater is automatically taken in through 
the always-open suction port at the pump. The cold water mixes with the 
warm water returned from the diver before entering the heat exchanger, 
and lowers the temperature of the water delivered to the diver. A 
handle on the valve allows the diver to adjust the set point position of 
the thermostat. With this handle the diver suit water inlet temperature 
is adjustable for comfort control. By opening the valve, the diver can 
bypass some or all of the heated water and circulate cool water through 
the suit. The high temperature set point can be adjusted to a maximum 
of 110 F (43 C). 


System Components 


The pumps for circulating the diver suit water and fresh electrolyte 
are shown in Figure 27. The permanent magnet DC motors are housed in 
watertight pressure vessels. To avoid the need for shaft seals, mag- 
netic couplings are used to drive the centrifugal pump impellers. 
The pumps are activated by an electronic control panel (Figure 27) 
that also monitors the system. The control panel contains three sets m 
of LEDs* which, when lighted, give the diver the following information: 


* 
Light emitting diodes. 
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1. Low pump current (pump cavitating) 
2. Suit water temperature too high [>i10°F (43°C) ] 
3. Cell temperature below 140°F (60°C) 


The control panel also contains two off/on switches — a diver-operated 
one for suit circulation, and another one for activation of the elec- 
trolyte pump and electronics. Thermistors sense the cell and suit-water 
temperatures. The electronic components are housed in a watertight 
pressure housing attached to the pump motors. The electronic/electrical 
control circuit is shown in Figure 28. 

Power for operating the pump motors and electronics is supplied 
from three parallel sets of four D-size lithium primary cells connected 
in series to provide 10.5 volts and 17 A-hr. The batteries are contained 
in watertight housings (Figure 29) that are mounted external to the 
heater case. 


Safety Considerations 


Safety is an inherent characteristic of the heat source; the reaction 
produces no toxic substances, and the high reaction temperatures that 
might result from overheating are limited to the local boiling point of 
seawater. If the temperature of the electrolyte exceeds 140°F, which 
could occur if the diver load were to be less than the anticipated 1,000 
watts, the electrolyte/suit-water heat exchanger will transfer the 
additional heat to the diver circuit and elevate the suit-water tempera- 
ture. This immediately activates the temperature control valve, which 
causes the hot water to be dumped and cold water to be taken in at the 
circulation pump. The incoming cold water creates a load that exceeds 
the capacity of the cell, thereby causing a subsequent reduction in 
the electrolyte temperature. As an additional thermal safety device, if 
an excessive electrolyte temperature were to occur, the extra hydrogen 
produced would cause a higher internal case pressure and subsequent 
dewatering of the cell. 

By adjusting the temperature control valve, the diver can automa- 
tically control the temperature of his suit water at any point within 
the 100°F-to-110°F (380-to-43°C) range. If the diver sets the valve 
below the automatic control range, he can dump any portion or virtually 
all of the heater output and circulate cool water through the suit. If 
the temperature control valve should fail, the diver could remain 
comfortable by periodically connecting and disconnecting couplings in 
the suit-water hoses. The only possible hazard from the heater is the 
accumulation of an explosive concentration of hydrogen if the heater is 
Operated in a closed space for a prolonged period of time. 
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Heater Testing 


Laboratory bench tests of the heater were conducted to determine 
Overall performance. Electrolyte temperature, temperatures across the 
diver load, and suit-water flowrate were recorded. The diver load was 
simulated by immersing a copper tubing heat exchanger into a refriger- 
ated bath. The heater’s power output was calculated using the flowrate 
and the suit-water temperatures. A typical power curve for an 8-hour 
test is shown in Figure 30. Power output for the 16-kW-hr heater is 
shown in Figure 31. 

In late May 1975 the heater was first integrated with the heat 
distribution garment and thermal protection suit developed by NCSL. 
Previous tests with a diver had established a base line power require- 
ment and typical skin and rectal temperature trends. 

For the integrated test, the heater was carried on the diver’s 
back and suit-water flow and electrolyte and suit-water temperatures 
were monitored. The diver’s rectal temperature was used as the absolute 
indicator of the heater’s effectiveness. During the first 4 hours of 
the test, the rectal temperature exhibited the typical slow decline. 
However, just after 4 hours, it began to rise (Figure 32) and continued 
to rise during the next hour. The test was considered successful since 
the temperature rise indicated that the diver was returning to a stable, 
normal condition. 


Human Considerations 


Since the end product of this development effort will be hardware 
carried by free-swimming divers, a human factors study was initiated to 
determine man/equipment interface problems (the appendix). The objective 
of the study was to determine what size and shape the heater could 
attain without restricting the free-swimming diver’s mobility. Discus- 
sions were held with cognizant tactical diver-oriented personnel, and 
then mock-ups of potential diver heating units based on available free- 
body space were built and tested. The testing involved diver/swimmer 
drag measurements and diver subjective analysis. 

The results of the human factors analysis showed that a chest mock- 
up (Figure 33) was preferred over the others tested. The divers favored 
the chest-worn unit, because they would prefer to retain the heater and 
stay warm in the water if they should have to ditch their breathing 


equipment. 
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CONCLUSIONS 


1. Laboratory and diver tests have proved the feasibility of the 
magnesium/seawater reaction for producing heat. Up to 2 kW of power 
have been produced continuously for 8-hour periods. 


2. A reliable, safe, compact heater can be built that will supply the 
diver’s needs in cold water. 


3. The specific power output in terms of volume and weight is competi- 
tive with past developed and potential future heat sources. 


4. Based on the results of laboratory and diver experiments, a neutrally 
buoyant, diver-carried, gear etate heater can be expected to occupy a 
volume of approximately 143 in. 3/kW-hr (2,340 cm3/kW-hr). 


5. Since the requirements for heat will vary in accordance with other 
factors, such as depth, water temperature, and diving systems, it is 
expected that future heaters will be modular and will have variable 
power output and endurance. 


6. In the case of the dual-plate heater cell it may be more practical to 
use a submersible- or diving=bell-mounted heater and supply the diver 
through a hot water umbilical; however, large heat losses in umbilical 
hoses could require the heater to be several times the size of that 
needed for actual diver use. 


7. It is practical to consider using the magnesium/seawater reaction as 
an emergency heat source on submersibles or as a come-home heat source 
for divers. The system would be activated by charging it with seawater 
when heat is required. 


8. The final location and configuration of the diver-carried heater 
will be determined by diver needs and breathing apparatus. For one Navy 
cperation it was found that a chest unit mounted under breathing bags 
was most practical in terms of diver comfort and swimability. This unit 
could supply 2 kW-hr, would occupy a volume of 2 x 20 x 20 inches 

(5 x 15 x 15 cm), and would be neutrally buoyant. 


* 
9. For SDV-type operations it would be practical to consider mounting 
the heater in the SDV instead of on the diver. A smaller, shorter 


duration heat storage or heat production pack could be carried by the 
diver for out of SDV operations. 


* 
Swimmer Delivery Vehicle, a wet submersible. 
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10. The major problem yet to be resolved in the development of a free— 
swimming diver-carried dual-plate heater is the venting of hydrogen 
produced by the reaction. The vent system must be operable in virtually 
any orientation, while preventing excessive electrolyte leakage to sea. 
Operation of the vent system is further complicated by the clogging 
nature of the Mg (OH) 5 reaction by-products. 


11. The alloyed magnesium-iron powders offer a viable solution to some 
of the undesirable characteristics of the dual-plate cells, incl:ding: 


(a) Higher specific output than the dual-plate cell 
(b) Constant or controlled power output 

(c) Attitude insensitive to venting of Hy 

(d) Easily modularized to suit mission requirements 


RECOMMENDATIONS 


1. A plate-type (dual or iron-plated) magnesium-iron heater for use in 
limited orientation situations, such as mounted on a PTC, SDV or submer- 
sible, should be built and tested. This heater could also be used as a 
standby emergency heater for the same vehicles. 


2. Additional test and evaluation of magnesium-iron powdered alloys, 
including other cathodic materials, should be conducted. Based on the 
results o£ these tests, a portable diver-carried heater with constant or 
variable power output should be designed, fabricated, and tested. 
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Figure 2. Dual-plate cell configuration. 
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Figure 4. Acrylic vessel for large-scale 1,000-watt tests. 
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Figure 6. Energy density as a functior of electrolyte temperature 
(for 0.060 in.< spacing < 0.200 in.). 
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Anode area: 72 in.2 (464 cm?) 
Electrolyte volume: ~900 ml 
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Figure 10. 
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Figure 11. Bi-polar and sandblasted shimstock electrode test compared 


to dual-plate tests. 
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Figure 12. Cell output as a function of seawater concentration. 
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Figure 13. Inert cone spaces used for controlled-spacing tests. 
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Figure 14. Reaction efficiency as function of milling time. 
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Figure 15. Effect of alloy composition on percent completion. 
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Power curve for 8-kW-hr heater tests. 
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Table 1. Energy Values of Various Reactants 


(e = electrical output, t = thermal outpmt, 
NEA = no experimental values available.) 


Energy Produced 
(W-hr/1b) 


j Theoretical 


Batteries 


Proposed magnesium seawater 
reaction, Mg + H,0(Fe) 


Magnesium-silver chloride 
(torpedo battery) 


Lead-acid (secondary storage battery) 

Silver oxide-zinc (silver cell) 

Manganese dioxide-zinc (dry cell) 

Nickel-cadmium 

Mercury oxide-zinc (mercury cell) 
Zinc-air (air batteries) 
Sodium-oxygen (battery) 


Magnesium bromide (experimental 
organic cathode) 


Sodium sulfur (experimental) 


Lithium chloride (experimental 
high-temperature-fused chloride) 


Lithium fluoride (experimental) 


continued 
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Table 1. Continued 


(e = electrical output, t = thermal output, 


NEA = no experimental values available.) 


Combustion 


Fuel oil and liquid oxygen 
Fuel oil and 90% hydrogen peroxide 
Butane-05 


Latent Heat 


Lithium hydride (sensible heat 
and change of state) 


Lithium fluoride (sensible heat 
and change of state) 


Boron (sensible heat) 


Mono Fuel 


Hydrazine hydrate (decomposition) 


Isotope 


Plutonium 238 (8-hour exposure) 


Energy Produced 
(W-hr/1b) 


Theoretical 


Value includes weight of shielding and hardware. 


Note: 1 W-hr/1b = 0.45 J/kg. 
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Table 2. Summary of Reaction Parameters and Their Effects 


Electrode gap 


Electrolyte 
temperature 


Electrolyte pH 


Cell internal 
resistance 


Free transport 
of reaction 
products 


Transport of ions; 
solubility of 
products 


Rate of pre- 
cipitation of 
Mg (OH), near the 


Decreasing gap increases 


reaction rate. Small 


gap can cause the 


products to clog the 


gap which excludes 


the electrolyte from 


anode surface, thus 


reducing the reaction 


rate. 


Raising temperature 
increases reaction 
rate; no noticeable 
effect on energy 
density. 


High pH can cause an 


Mg(OH), barrier to form 


near anode, which excludes 


aang 


SARIN HN NA a BR AE RAD LEP CEN 


PE heb KD 


anode the electrolyte, thus 
reducing the reaction 
rate. 


Low pH (excess a ions) 
promotes the formation 
of H, at the cathode, 


Evolution of H 
at the cathode 


peemitalery inne 


Electrolyte 
density 


Transport of 
reaction products 
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increasing the reaction 


rate. 


An electrolyte thick- 


ened with reaction 
products slows the 
transport of fresh 
electrolyte to the 
electrodes, thus 


reducing the reaction 


rate. Also reduces 
removal of products 
and increases pH 
at anode. 
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Parameter 


Hydrogen gas 
volume in 
electrolyte 


Anode compo- 
sition 


Cathode 
composition 


Table 2. 


Continued 


Influence 


Cell internal 
resistance; elec- 
trolyte circulatior 


Reaction product 


consistency 


Unknown 
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Effect on the Reaction 


Gas bubbles displace 
electrolyte from con- 
tact with the anode, 
reducing reaction rate. 
(The effect of the gas 
is particularly evident 
Near the top of the 
cell where there is the 
largest proportion of 
gas bubbles. After the 
anodes have reacted for 
some time, they are 
tapered, with the thick- 
est portion being at 
the top.) 


Pure magnesium produces 
a fluffy product that 
easily clogs the elec- 
t ode gap (decreases 
reaction rate). AZ- 
31B-0 or AZ-31B-H24 
Magnesium alloy produces 
a product that readily 
precipitates (does not 
slow reaction rate 
except after much pre- 
cipitation has accumu- 
lated). Other anode 
compositions have been 
investigated, but AZ31B 
was selected on the 
basis of availability, 
performance, low cost, 
and lack of pollutants, 
such as Hg. 


Iron cathodes produce 
a reasonable reaction 
rate; other cathodes 
produce significantly 
lower rates. 
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Table 2. Continued 


Internal cell 
resistance 


Anode physical 
condition 


Cathode physical Polarization 
condition (hydrogen 
overvoltage) 


Electrolyte Internal cell 
composition resistance; 
ion mobility 
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An iron-plated copper 
cathode exhibits an 
accelerated reaction 
rate, probably due 

to the decreased 
resistance of the 
copper substrate. 


The area of the anode 
exposed to the elect-— 
rolyte determines the 
reaction rate: more 
area - greater rate. 


Rough surface cathode 
produces a higher 
reaction rate than 

a smooth cathode. 


High salinity produces 
high reaction rates. 
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APPENDIX 
Human Factors Considerations in Self-Contained Diver Heater Design 


by F. B. Barrett 


BACKGROUND 


A limited human factors analysis of self-contained diver heating 
systems was conducted to determine man/equipment interface requirements. 
The analysis was accomplished primarily through in-water test trials of 
several heater mock-ups and through discussions with combat swimmer 
personnel and appropriate Navy diving authorities. Equipment compatibil- 
ity tests were also conducted during Swimmer Delivery Vehicle (SDV) 
operations by personnel using Navy Mark 6 underwater breathing apparatus. 


PRELIMINARY CONSIDERATIONS 


An analysis of underwatez breathing apparatus (UBA) currently in 
use by Navy tactical swimmers and probable future configurations was 
conducted to determine possible locations for diver heater compoaents. 
The major requirement placed on the analysis was to minimize the re- 
strictions imposed on the swimmer and his mobility. . 3 a result of this 
analysis, three heater mock-ups were fabricated for i1-water test and 
evaluation (Figures 33, 34, and 35). A brief description of the mock-ups 
is contained in Table 7. All of the mock-ups were fabricated from wood 
and weighted for neutral buoyancy; the leading edges were faired to 
reduce hydrodynamic drag. The chest and wing tank mock-ups were con- 
figured to be compatible with the presently used Mark 6 UBA. The chest 
unit appeared to be compatible with all known types of Navy UBA's. Some 
UBA's have enclosed back packs that make adaptation of the back pack 
wing tank units very difficult. 

A mock-up of the heater control panel was fabricated end is shown 
in Figuse 36. The basic unit was 2 x 3 x 4 inches (5 x 8 x 10 cm). The 
control handle was 2 inches in diameter with pronounced knobs. Small 
diameter LEDs were simulated. 


TESTS 


The chest and wing tank mock-ups were tested in a swimming pool in 
conjunction with the Mark 6 UBA. The apparatus shown in Figure 37 was 
used to determine the mock-up drag characteristics. Divers were pulled 
through the water at l=-knot speeds while submerged. Considerable varia- 
bility in the results was noted; however, the drag was verified as being 
a fraction of 1 pound. 
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Two divers swam laps in the swimming pool while submerged. They 
were asked to swim at a pace which they could maintain for long-duration 
swims. The objective of the test was to obtain their subjective feelings 
of heater interference with surface and underwater swimming. The results 
of the swimming test are contained in Table 8. Speed loss was judged to 
be noticeable, but not excessive. The divers indicated a preference for 
the chest mock-ups although, subjectively, neither mock-up seemed to 
interfere with their mobility. They felt that in the chest node they 
could retain the diver heater unit in emergencies. 

The mock-ups were further tested in conjunction with routine SDV- 
type operations. Combat-type divers were required to swim approximately 
one-half mile underwater and 100 yards on the surface using the back 
pack and chest mock-up heaters. The test results were in the form of 
subjective comparison by the divers. Interference with SDV operations 
was noted. Also, the divers stated that they would prefer having the 
heater mounted directly on a SDV in order to lessen the gear they have 
to carry. 


RESULTS 


1. Noticeable, but not excessive drag, was observed from swimming with 
the mock-ups. 


2. Divers preferred the chest mock-ups, because it would be possible to 
retain the diver heater following ditching of the UBA. 


3. Interference with swimming or arm movements with either of the mock- 
ups did not appear excessive. 


4. Both mock-ups interferred with SDV-type operations. 


a. The chest unit resulted in difficulty in bending forward while 
seated, thus interferring with instrument reading. 


b. Divers could not bend far enough forward wearing the chest unit 
to open the flood doors of the SDV. 


c. While using the back pack mock-up, it was difficult to reach 
the Navy Mark 6 UBA bypass valve and air ON-OFF switch. 


5. Divers reported no difficulty in reading the displays. It was quite 


simple to operate the controls using thin neoprene gloves; however, 
problems could be anticipated using three-fingered mittens. 
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CONCLUSIONS 


1. Additional human-factors-type analyses are required to provide 
heater systems that will be compatible with both swimmer and SDV-type 


operations. 


2. Most divers would prefer having an SDV-mounted heater to lessen gear 
requirements. This comment does not take into consideration the physio- 
logical requirements of operations in 28°F (-2°c) water. [Many divers 
appear to be unaware of the actual problems that result from extended 
operations in 28° to 30°F (-2 to -1°C) water. ] 


3. For diver-heating equipment to be acceptable to fleet units, it must 
be as compact, serviceable, and maintenance-free as possible. 


4. Future heater units should be tested in conjunction with newer SDV’s 
currently under development. 
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up of wing-tank-mounted diver heater. 
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Figure 34. 
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Figure 35. Mock-up of backpack-mounted diver heater. 


68 


: 


aS 


*Teued [oajquod aajzeay jo dn-yDoM °9¢ oANn3Ty 


69 


Aenea ny ed Pas 


Uae ab acs 
/ 
/ 


' ; 
7 
= 
1" : : 
= : 
uae, 


De, 


ae eed 


Ss". 


Se 


Diver drag test apparatu 


Figure 37 
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Table 7. Description of Mocks-ups 


' Mock-Up Type Description 


: 3 in. thick x 12 in. wide x 
i 14 in. long; worn under 
breathing bag 


2 in. x 3-1/2 in. x 25 in., 


Wing tanks 
plus 2 in. x 3-1/2 in. x 10 
in; attaches to outer sides 
of gas tanks 


4-1/8 in. x 6-1/4 in. x 24 
in.; attaches to back of 
breathing gas tanks 


Backpack 


Note: 1 in. = 2.54 cm. 


Table 8. 


Speed (mph) for — 
hamaerea 1) ee Bo) 


1.48 
1.51 
1.37 


Diver Gear 


Mark 6 UBA 


Mark 6 UBA plus 
chest heater 
unit 


Mark 6 UBA plus 
wing tank heater 
unit 


Note: 1 mph = 1.6 km/hr. 
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Predicted 
Capacities 


8 kW-hr 
2 kW for 4 hr 


4 kW-hr 
1 kW for 4 hr 


8 kW-hr 
2 kW for 4 hr 


Mock-up Performance Tests in Swimming Pool 


Mean 
Speed Loss 
(mph) 
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